ABSTRACT: This study investigated the microbial community structure and functioning in relation to properties of dominant sediment types (sand, mud) of hypertrophic inner coastal waters. A transect in the Großer Jasmunder Bodden (inner part of the Nordrügensche Bodden, Southern Baltic Sea), with 6 stations from the shore to the central part was sampled in June 1999. In light-exposed nearshore sandy sediments, microphytobenthos was the driving source for benthic metabolism. Positive relationships between photoautotrophic biomass and available dissolved organic carbon (measured with a microbial biosensor) suggested that the pool of available dissolved organic nutrients was supplied by photosynthesis products of the benthic microalgae. Organic matter produced by these algae was rapidly recycled and led to low standing stocks of organic matter. In contrast, muddy organic-rich accumulation sites in greater water depths with limited or no light were heterotrophically dominated. These sediments retained large amounts of deposited organic matter, especially organic carbon and phosphorus. Intensive microbial degradation of deposited organic matter resulted in enhanced enzymatic activity, and in enhanced concentrations of ammonium and phosphate in porewaters. Our findings revealed that sedimentary bulk parameters such as concentration and degradability of particulate organic carbon as well as microbial biomass and activity depend on mud content in pure sandy sediments (with a mud content <10%), while they remain unchanged in sediments with higher mud content. Carbon-normalized enzymatic activity rates revealed that substrate turnover rates in muddy sediments of hypertrophic waters were relatively low compared to sediments with comparable total organic carbon concentrations in eutrophic waters. These findings imply that the availability of degradable organic matter (accounting only for <1% of total organic matter) and probably inorganic nutrients might be of much greater importance in regulating microbial biomass and activity than total organic carbon. 
INTRODUCTION
Coastal estuarine sediments are important sites for production and remineralization of organic matter and recycling of nutrients. During the last few decades, increased external and internal inputs of organic matter and inorganic nutrients have resulted in severe eutrophication of coastal waters (e.g. Meyer-Reil 1999) . The transformation of organic and inorganic matter depends on sediment properties, the amount of input, the recycling and removal efficiency by biological and physicochemical processes, as well as the hydrodynamical conditions of each estuary (Magalhaes et al. 2002) .
The nature of substrata and substrates (e.g. grain size, porosity, quantity and quality of organic matter) significantly affects sedimentary nutrient regimes and benthic microbial colonization (Dale 1974) . Generally, sands in coastal environments are organically poor, nonaccumulating sites and have low particulate organic carbon and nutrient concentrations. As low organic matter content may be a consequence of rapid and high turnover rates, sandy sediments could considerably contribute to the mineralization of organic carbon and recycling of nutrients (Hüttel & Rusch 2000 , Hüttel 2002 , Precht & Hüttel 2003 . Muddy sediments, however, are generally characterized by high concentrations of particulate organic matter, strong gradients of inorganic and organic nutrient concentrations and elevated nutrient fluxes at the sediment -water interface (Reay et al. 1995 , Grenz et al. 2000 .
The functioning and activity of benthic communities strongly influence nutrient cycles. As demonstrated in several studies (e.g. Reay et al. 1995 , Sundbäck et al. 2000 , microphytobenthos exerts a significant effect on the supply of oxygen and nutrients at the sediment -water interface in sandy sediments of shallow waters. Via photosynthesis, microphytobenthos contributes to the oxygenation of sediments (Baillie 1986); via assimilation, benthic microalgae can remove significant amounts of inorganic nutrients from the overlying water and may function as a sink for inorganic nutrients (Sundbäck 1994 , Anderson et al. 2003 . Simultaneously, benthic microalgae excrete the surplus of their photosynthetic products, which can serve as a carbon source for heterotrophic microorganisms as well as for meiofauna and macrofauna (Miller et al. 1996 , Smith & Underwood 2000 , thus causing a tight coupling between autotrophy and heterotrophy. Faunal activity, especially irrigation of infauna, significantly influences nutrient cycles, stimulating decomposition processes and removal of porewater solutes (Hüttel 1988 , Kristensen 1988 , Kitlar 1991 , Banta et al. 1999 , Christensen et al. 2000 . Furthermore, faunal activity enhances sediment mixing and introduces oxygenated waters to deeper sediment layers (Glud et al. 2003) .
The object of the present study was to investigate the structure and functioning of microbial communities in dominant sediment types (sand, mud) of a hypertrophic coastal inlet in the southern Baltic Sea. We addressed the following question: How do sediments different in bulk organic matter characteristics (percentage of the sediment fraction < 63 µm, particulate organic matter, and porewater constituents) contribute to organic matter turnover in relation to benthic microbial colonization and activity? In particular, the lability of organic matter was assessed by different indicators of degradability and related to microbial metabolism. The quantification of readily available dissolved organic carbon (ADOC) measured with a microbial biosensor was seen as essential to improve the understanding of nutrient fluxes through microbial communities (Köster & Meyer-Reil 2001) . Interactions and relationships between sedimentary organic matter, microbial biomass and activity were of special interest to characterize the functioning of microbial communities in sediments of highly eutrophicated waters. We compared data of this study with data obtained from an earlier study performed in sediments of eutrophic waters (cf. Köster & Meyer-Reil 2001) to estimate how a different degree of eutrophication might influence size and composition of carbon pools as well as the functioning of benthic microbial communities.
MATERIALS AND METHODS
Study area. Investigations were conducted in the Großer Jasmunder Bodden (GJB), a coastal hypertrophic inlet in the inner part of the Nordrügensche Bodden (Southern Baltic Sea; Hübel et al. 1998) . The GJB has a surface area of 58.6 km 2 , an average depth of 5.3 m, and a maximal depth of 10.3 m (Aurada 2000). While more than 90% of the sediments consists of mud prevailing in the deeper regions in the central part, the GJB also provides shallow sandy areas with water depths less than 2 m (S. Dahlke pers. comm.). The GJB is characterized by low water exchange with the Baltic Sea, low salinity, and high nutrient loads sustaining intensive phytoplankton development and high primary production (Köster et al. 1997 , Hübel et al. 1998 ). Due to sedimentation of high amounts of phytodetritus, large amounts of organic and inorganic nutrients accumulated in these sediments over years (Meyer-Reil 1999) .
We sampled 6 stations along a transect from the shore to the central part of the inlet from June 16 to June 24, 1999. Stns 3 and 4 were located 0.2 and 0.6 km offshore, where water depths were 0.5 and 2.0 m, respectively; Stns 5 and 6 (1.5 and 2.2 km off- shore) were located on the slope in a water depth of 6.6 and 7.0 m, respectively (Fig. 1, Table 1 ). Muddy sampling sites (Stns 1 and 2; 3.1 and 2.8 km offshore) were located in the central part of the inlet. During the sampling period, salinity ranged between 6.8 and 6.9, temperature and oxygen concentration above the sediment surface were between 17.3 and 18.5°C and between 7.3 and 9.7 mg l -1 , respectively. At the shallow-water stations, sediments were collected in plexiglass tubes (length of 30 cm, inner diameter of 10 cm) by divers. At deeper locations, sediments were sampled with a multiple corer (Black et al. 2002) . We sliced 3 sediment cores from each sampling site into distinct horizons (0 to 1, 1 to 2, 2 to 3, 4 to 5, 6 to 7, and 9 to 10 cm). The material from corresponding horizons was combined and thoroughly mixed for analyses of various geochemical and microbiological parameters. For macrofauna analyses, 6 additional sediment cores were taken at each sampling station.
Sediment properties. Sediment types were identified according to a classification scheme based on the percentage of the sediment fraction < 63 µm to total sediment dry weight (Flemming 2000) . The contribution of the sediment fraction < 63 µm to total dry mass of sediment was defined as mud content. Water content (3 parallels of 2 cm 3 of sediment) was determined by weight loss at 105°C after 24 h. Total organic carbon and nitrogen were determined in dried, homogenized and HCl-treated sediments after combustion at 950°C in an Heraeus vario-el CHN-analyzer (Köster et al. 1997) . Total and organic phosphorus were analyzed using the ignition method of Andersen (1976) modified as described by Köster & Meyer-Reil (2001) . Organic phosphorus was calculated as the difference between total and inorganic phosphorus. All fractions of the sedimentary organic and inorganic matter were quantified in terms of concentration (mg cm -3 wet sediment) to account for differences in dry bulk densities of the sediments (see Bird & Duarte 1989 , Flemming & Delafontaine 2000 .
Porewater constituents. Porewater was gained by centrifugation (15 min, 2°C, 2772 × g) and immediately filtered through GF/F filters (Whatman). For dissolved organic carbon (DOC) analyses, bottom water and porewater samples were additionally filtered through cellulose nitrate membrane filters (pore size 0.2 µm) and stored in glass ampoules at -20°C until processing. DOC was measured by hightemperature catalytic oxidation at 680°C in a Shimadzu TOC-5050 analyzer (Cauwet 1999) . ADOC was measured with a microbial biosensor consisting of a Clark-type oxygen microelectrode with immobilized bacteria at the tip (Neudörfer & Meyer-Reil 1997) . The microbial biosensor responds to ADOC by bacterial oxygen consumption calculated from the linear decrease of the time-dependent current signal of the electrode. Relative amounts of ADOC were measured as glucose equivalents in oxygen-saturated porewaters filtered through 0.2 µm membrane filters (Köster & Meyer-Reil 2001) . Concentrations of ammonium, phosphate and silicate in GF/F-filtered bottom water and porewater were quantified spectrophotometrically according to standard procedures of Grasshoff et al. (1999) . Nitrate and nitrite concentrations were determined by ion chromatography at a wavelength of 220 nm. Microprofiles of oxygen concentrations were measured by Clark-type oxygen microelectrodes (Revsbech 1989) in sediments incubated in the dark at close to in situ conditions. The oxygen sensor tip had an inner diameter of approximately 6 µm, a t 90 response time of <1 s, and was calibrated in oxygensaturated bottom water (100% air saturation) and anoxic sediment (0% oxygen). Microbial biomass and enzymatic activity. For the determination of microbial biomass, different cell constituents were assayed as proxy parameters in selected sediment horizons (0 to 1, 4 to 5, and 9 to 10 cm). Total microbial biomass (including heterotrophic and autotrophic organisms) was estimated from the spectrophotometric determination of phospholipids (Findlay et al. 1989) . For the estimation of photoautotrophic biomass and its degradation products, chlorophyll a (chl a) and pheopigment analyses were performed according to the guidelines of HELCOM (1988) . Chl a concentrations were converted to autotrophic biomass carbon assuming a conversion factor of 40 proposed for microphytobenthos (Cammen 1991) . Bacterial cells were stained with acridine orange and enumerated using epifluorescence microscopy (Meyer-Reil 1983) . Bacterial biomass was calculated by multiplying bacterial abundance by sediment-specific bacterial carbon contents of 16 fg C cell -1 for sandy sediments and 11 fg C cell -1 for muddy coastal sediments (Meyer-Reil 1993) . Microbial enzymatic decomposition was analyzed for selected sediment horizons (0 to 1, 4 to 5, and 9 to 10 cm) according to Köster et al. (1997) . Aliquots of 5 cm 3 of sandy sediments were diluted 1:10 with KH 2 PO 4 ͞Na 2 HPO 4 buffer (pH 7.8), and equal aliquots of muddy sediments were diluted 1:20. Two ml of sediment suspension (3 parallels) were supplied with each 40 µl of various model substrates at saturation level. Fluorescein diacetate (FDA) was used to estimate esterase activity. Methylumbelliferyl(MUF)-β-D-glucoside and MUF-α-D-glucoside served as substrates for detecting the enzymatic degradation of relatively slowly degradable carbohydrates (cellulose) and relatively labile carbohydrates (starch) indicated by β-D-glucosidase activity and α-D-glucosidase activity, respectively. Ratios of MUF-β-D-glucosidase activity and MUF-α-D-glucosidase activity were used as an indicator for the grade of organic matter decomposition. The release of the fluorescent dyes fluorescein and methylumbelliferone was analyzed spectrofluorometrically at a wavelength of 370 nm excitation and 410 nm emission, and at a wavelength of 365 nm excitation and 445 nm emission, respectively. Enzymatic activity rates were calculated from the linear part of time-dependent activity curves.
To consider differences in dry bulk densities of sediments, concentrations of cells constituents, bacterial numbers and enzymatic activity rates were given cm -3 of wet sediment.
Macrofaunal colonization. For macrofauna analyses, the upper 10 cm of 6 sediment cores sampled at each station were separated and sieved through a sieve with a mesh size of 0.5 mm. Macrofauna species were determined and quantified using a stereo-microscope (Nikon SMZ 1000).
Statistics. A Kruskal-Wallis test (non-parametric analysis of variance by ranks) was applied, followed by a multiple comparison test in case the null hypothesis was rejected that values at all stations studied were identical (Conover 1980).
RESULTS

Sediment properties
According to the sediment classification of Flemming (2000), nearshore shallow-water sediments of the GJB (Stns 3 and 4) were characterized as pure sand with low mud content (sediment fraction < 63 µm was less than 1%), low water content (< 27%), high dry bulk density (1.2 to 1.4 g cm -3
) and low organic carbon concentrations (2.8 to 3.3 mg cm -3 ; Fig. 2 ). Stn 5, located in deeper waters on the slope represented sand (sediment fraction < 63 µm less than 5%), with approximately 2 to 3 times higher organic carbon concentrations than those measured in shallow-water sand sediments. Sediments located at the base of the slope (Stn 6) had a 5 cm thick sand layer sublayered by mud, with both sediment layers being extremely enriched in organic carbon (13.4 to 21.5 mg cm -3
). Sediments of the central part (Stns 1 and 2) of the GJB were characterized by muddy sediments with high mud content (sediment fraction < 63 µm varied between 71 and 89%), high water content (> 84%), low dry bulk density (0.1 to 0.2 g cm -3
), and high organic carbon concentrations increasing from 8.3 mg cm -3 at the sediment surface to 14.4 mg cm -3 in deeper horizons. A Kruskal-Wallis test accompanied by a multiple comparison test revealed that organic carbon concentrations in sediments on the slope and in the central part of the GJB (Stns 1, 2 and 6) were significantly higher than in sediments of the shallow-water Stns 3 and 4 (p < 0.05). Molar carbon (C) to nitrogen (N) ratios ranged from 7.0 to 13.8 at the 6 sampling stations. C:N ratios generally increased from sandy to muddy sediments. C:N values measured at Stns 3 and 4 were significantly lower than those at Stns 1, 2 and 6 (Kruskal-Wallis test; p < 0.05). Increasing C:N ratios were accompanied by increases in the percentage of pheopigments to total pigments (chl a plus pheopigments). Highest C:N values indicating highly degraded organic matter were found in sandy surface sediments of Stn 6 located at the base of the slope.
Total phosphorus concentrations analyzed for selected horizons increased from 18 to 100 µg cm -3 in shallow-water sandy sediments to 108 to 192 µg cm -3 in deeper water muddy sediments of the central GJB (Fig. 3a) . A Kruskal-Wallis test revealed that total phosphorus concentrations at Stns 3 and 4 were significantly lower than at Stns 1 and 2 (p < 0.05). The sandy sediments were characterized by a strong increase in total phosphorus with increasing sediment depth. In muddy sediments, maximal values of total phosphorus were found in subsurface horizons at depths between 4 and 5 cm. Organic phosphorus made up a large portion of total phosphorus (8 to 55% in sandy sediments, and 45 to 63% in muddy sediments). In all sediments, phosphorus deficiency led to N:P values 2 to 15 times higher than the Redfield ratio (Fig. 3b) . Muddy sediments had lower N:P ratios and higher C:N ratios than sandy sediments, pointing to a relative accumulation of phosphorus and carbon in organic-rich sediments (cf. Fig. 3 with Fig. 2d ).
Porewater constituents
DOC concentrations in porewaters ranged from 8.2 to 29.8 µg cm -3 of sediment (Fig. 4a,b) . In sandy sediments, DOC contributed between 0.2 and 0.9% of total organic carbon (TOC), while in muddy sediments DOC contribution was less than 0.2%. ADOC concentrations (Fig. 4c,d ) varied between < 0.1 and 8.0 µg cm -3 . They were 10 to 42% of DOC in sandy sediments (Stns 3, 4 and 5), 0 to 9% of DOC in sand-overlaid muddy sediments (Stn 6), and < 5% of DOC in muddy sediments (Stn 2). A Kruskal-Wallis test accompanied by a multiple comparison test revealed that ADOC concentrations at Stns 3, 4 and 5 were significantly higher than at Stns 2 and 6 (p < 0.05). ADOC data for Stn 1 are not available due to methodological problems. Penetration depths of oxygen were tentatively higher in sandy sediments (3.0 to 3.7 mm) than in muddy sediments (2.0 to 2.2 mm; Fig. 5a,b) . Nitrate concentrations ranged from 0 to 0.9 nmol cm -3 of sediment; slightly enhanced concentrations were detected in the uppermost muddy sediments of Stn 2 (Fig. 5c) . In muddy sediments (Stns 1 and 2), nitrate was almost completely depleted below the sediment surface, whereas in the sandy sediments of Stns 4, 5 and 6 nitrate penetration reached a depth of up to 10 cm. Maxima of nitrate concentrations of up to 2.2 nmol cm -3 were found in the bottom water of the muddy sites (Stns 1 and 2). Concomitant with the general decrease in nitrate with increasing depth was an increase in ammonium and phosphate concentration (Fig. 5d,e) . Ammonium concentrations ranged from 5 to 219 nmol cm -3 of sediment at the sandy stations to 57 to 360 nmol cm -3 in the muddy sediments. Phosphate concentrations were relatively low in sandy sediments of Stns 3, 4, 5 and 6 (0.2 to 7.7 nmol cm -3 ), whereas concentrations increased steeply to values of up to 72 nmol cm -3 in deeper layers of muddy sediments (Stns 1 and 2). Porewater profiles of silicate (Fig. 5f ) generally followed those of ammonium and phosphate. Values increased with increasing sediment depth, maximal values of 69 to 423 nmol cm -3 were associated with deeper muddy sites (Stns 6, 2, and 1), while tentatively lower concentrations of 17 to 55 nmol cm -3 were found in sandy sediments of Stns 3, 4 and 5.
Benthic community
In the sandy sediments of Stns 3, 4, 5 and 6, the number of macrofauna species varied between 8 and 12. Extremely high abundances were found for juvenile polychaetes Marenzelleria viridis and Hediste diversi- ; respectively; Table 2 ) at these sites. Additionally, adult polychaetes (M. viridis, H. diversicolor), oligochaetes, juvenile mussels (Arenomya arenaria), snails (Hydrobia ulvae) and isopods (Cyathura carinata; Corophium volutator) inhabited these sediments. Digital photographs of sandy shallow-water surface sediments (Stns 3 and 4) documented a dense colonization by microphytobenthos and a sparse occurrence of Zannichellia sp. At muddy sites (Stns 1 and 2) , the number of species was reduced to 4-6. Relatively high values of macrofauna abundance in these sediments were caused by the presence of numerous larvae of chironomids (2292 to 10 950 ind. m -2 ) accounting for 88% (Stn 1) and 96% (Stn 2), respectively, of the total macrofauna.
The structure of the benthic microbial community at the 6 sampling sites was derived from analyses of the proxy parameters phospholipids, chl a, and total bacterial number used to estimate total microbial, photoautotrophic, and bacterial biomass (Fig. 6 ). Phospholipid concentrations increased markedly from shallow-water sandy sediments (28 to 49 nmol cm ) displayed a reverse pattern to chl a concentrations. An increasing accumulation of pheopigments was observed from nearshore to offshore sites. Stns 3 and 4 had significant lower pheopigment concentrations than Stns 5 and 6 (Kruskal-Wallis test; p < 0.05), and the latter were significantly different from pheopigment concentrations at Stns 1 and 2. Total bacterial numbers ranged between 0.62 × 10 9 cm -3 and 9.94 × 10 9 cm -3 and were close to the pattern previously described for phospholipids. Total bacterial numbers at Stns 3, 4, 5 and 6 were not different from each other, but significantly lower than at Stns 1 and 2 (Kruskal-Wallis test; p < 0.05).
Enzymatic activity measurements
Enzymatic activity rates of esterases (measured as FDA hydrolysis) were significantly lower in sandy sediments of Stns 3, 4, 5 and 6 (25 to 140 nmol cm -3 h -1 ) than in muddy sediments of Stns 1 and 2 (224 to 314 nmol cm -3 h -1
, Kruskal-Wallis test: p < 0.05), while the activity measured at the 4 sandy sites did not significantly differ (p > 0.05; Fig. 7a ). β-D-glucosidase activity was enhanced at the sediment surface and displayed generally higher rates in muddy than in sandy sediments (Fig. 7b) . α-D-glucosidase activity was lower than β-D-glucosidase activity and barely differed in surface sediments among sites (p > 0.05; Fig. 7c ). Surprisingly, the sediment horizon 9 to 10 cm of Stn 6 with a mud content of 71% displayed a relatively low enzymatic activity of esterases, β-D-glucosidases and α-D-glucosidases. Ratios of β-D-glucosidase to α-D-glucosidase activity were extremely low in shallowwater sandy sediments (Stns 3 and 4), whereas significantly higher values were measured in subsurface sediment horizons of Stns 5 and 6 located on the slope, and in muddy surface sediments at Stn 2 in the central part of the GJB (p < 0.05). 
DISCUSSION
Sediment characteristics and microbial colonization
Sandy sediments in shallow waters of the hypertrophic GJB (Stns 3 and 4) displayed relatively low concentrations of inorganic and organic nutrients (Figs. 2, 3 & 5) and high lability of organic matter. The labile nature of organic matter was reflected by different indicators of degradability (low C:N ratio, high N:P ratio, high percentage of chl a (> 50%) to total chloropigments, and ratios of β-D-glucosidase activity to α-D-glucosidase activity close to 1; Figs. 2, 3, 6 & 7) . In contrast, muddy sediments in the inner deeper regions (Stns 1 and 2) of the GJB were organic-rich accumulation sites influenced by high rates of phytoplankton production and deposition (Hübel et al. 1998) , and probably by lateral sediment transport from shallow to deeper areas. Due to the storage of relatively high amounts of deposited organic matter, organic carbon and phosphorus became trapped in these sediments. The accumulation of highly degraded phytodetritus was indicated by high C:N ratios as well as low N:P ratios, relatively large percentages of pheopigments (> 50%) to total chloropigments, and enhanced ratios of β-D-glucosidase activity to α-D-glucosidase activity (1.3 to 3.6).
Sediment properties (e.g. grain size, quantity and degradability of organic nutrients, light penetration depth influence benthic microbial colonization (e.g. Dale 1974 , deFlaun & Mayer 1983 , Meyer-Reil 1993 , and benthic microorganisms, especially the microflora, alter sediment properties (e.g. erodibility; Miller et al. 1996 , Decho et al. 2003 . Not only micoorganisms, but also meio-and macrofauna affect sediment properties and stability considerably (e.g. Davis 1993 , Bavestrello et al. 2000 , Gutierrez et al. 2000 , Berg et al. 2001 . Sandy surficial sediments in shallow waters of the GJB (Stns 3 and 4) offered favorable light conditions for microphytobenthos (MPB) development. Relatively high values of photoautotrophic biomass based on chl a measurements (Fig. 6) , and relatively high benthic primary production (Meyercordt pers. comm.) indicated that these sediments were highly productive (net autotrophic) environments in summer. Values for benthic microalgae biomass in sandy sediments of the hypertrophic GJB (Stns 3 and 4) ranged from 270 to 390 mg chl a m -2 and were in the upper range of that found for other microphytobenthic communities in estuarine sediments (cf. Meyercordt & Meyer-Reil 1999) . Significantly lower MPB biomass at Stn 3 than at Stn 4 may be the result of disturbance effects (e.g. water movement, resuspension, grazing; cf. Underwood & Smith 1998) counteracting MPB colonization. With increasing water depth, light availability was the limiting factor suppressing MPB development. Thus, the significance of photoautotrophic organisms in sandy shallow-water sediments shifted to a dominance of heterotrophic organisms in muddy sediments of deeper waters (Stns 1 and 2) . Fig. 8 compiles data for all stations, revealing relationships between mud content, quantity and degradability of particulate organic matter (POM) and microbial biomass for different sediment types. Generally, concentrations of particulate organic compounds (C, N, P) increased and organic matter degradability (indicated by C:N ratio, N:P ratio, percentage of pheopigments, ratio of β-D-glucosidase activity to α-D-glucosidase activity) decreased with increasing mud content until a certain 'threshold value' (mud content of 10%) was reached. When the mud content exceeded a value of 10%, increases in mud content were not associated with similar increases in organic matter concentrations and decreases in organic matter degradability (Fig. 8a to g ). Similar results have been presented in earlier investigations (Köster & Meyer-Reil 2001) . Relating different indicators of organic matter degradability to each other, it became obvious that indicators respond in a different way to changes in organic matter quality. C:N ratios and percentages of pheopigments to total chloropigments were closely related to each other in sandy and muddy sediments (r = 0.857, n = 17; p < 0.001; Fig. 8j ), whereas relationships between C:N values and ratios of β-D-glucosidase-activity to α-D-glucosidase activity were less pronounced (r = 0.624, n = 16; p < 0.01; Fig. 8k ). However, a tighter relationship between the latter variables was attained when values of muddy sediments were exclusively considered. This might indicate that in fine-grained sediments a close coupling exists between the degradation status of refractory organic matter and the amount of β-D-glucosidases produced, whereas in sandy sediments the degradation of relatively labile organic matter does not essentially depend on the production of β-D-glucosidases. Parameters indicative of total microbial and bacterial biomass were similarily related to mud content (Fig. 8h,i) as previously described for indicators of quantity and degradability of POM.
Significance of different organic carbon pools
Pool sizes of TOC (calculated for an area of 1 cm 2 down to a sediment depth of 10 cm) were approximately 4-fold higher in muddy sediments at Stns 1 and 2 than in sandy sediments at Stns 3 and 4 (123.0 to 125.5 mg and 27.6 to 29.8 mg TOC cm -2 10 cm -1 , respectively). The significance of autotrophic and heterotrophic microorganisms in different sediments sampled was demonstrated by the contribution of different organic carbon fractions to TOC (Table 3 ). In the continuous lines: regression curves, calculated using data from all stations (j), and data for Stns 1, 2, 5 and 6 (k) highly productive sandy surficial sediments (0 to 1 cm), photoautotrophic biomass carbon (PBC) contributed from 33 to 52% of TOC. This value was relatively high compared to the PBC of other shallow estuary sands (PBC = 20% of TOC: Ferguson et al. 2003 ; PBC = 4 to 11% of TOC: Köster & Meyer-Reil 2001) . In muddy sediments of the GJB, PBC accounted for only 4% of TOC, suggesting that mainly refractory particulate material associated with phytodetritus significantly contributed to its TOC. The percentage of bacterial biomass carbon (BBC) ranged from 0.9 to 1.3% of TOC and was slightly higher in muddy sediments than in sandy sediments. The shift in the PBC:BBC ratio from 37 to 44 in sandy sediments down to 3 in muddy sediments indicated a pronounced predominance of benthic microalgae in the sandy sediments and a predominance of heterotrophic microorganisms in the muddy sediments of the accumulation sites. Pool sizes of DOC were approximately 1.5-fold higher in sandy than in muddy sediments (143 to 207 and 92 to 140 µg DOC cm -2 10 cm -1 , respectively). DOC amounted to 0.6 to 1.0% of TOC in sandy sediments and decreased to 0.1% in muddy sediments. Common quantifications of DOC in aquatic systems usually include a high percentage of slowly degrading organic compounds. So far, only a small labile fraction of total DOC was thought to support microbial metabolism (e.g. Coffin et al. 1993) , but now the use of a microbial biosensor has enabled us to determine the ecologically relevant fraction of ADOC, which includes different low molecular weight organic substrates (mainly monomeric and dimeric compounds) that are easily degradable and therefore rapidly taken up by microorganisms (e.g. Bertilsson & Allard 1996) . The concentration and composition of ADOC are influenced by the production and consumption of photosynthesis products (Coffin et al. 1993) , substrates released by enzymatic and photochemical degradation of organic matter (Bertilsson & Allard 1996 , Taylor et al. 2003 , assimilation of labile dissolved organic compounds by deposit-feeding invertebrates (Goedkoop et al. 1997) , and processes such as bacterial excretion, leakage of phytoplankton, sloppy feeding and sorption to mineral surfaces (Keil et al. 1994) . Several studies on the availability, reactivity and preservation of DOC (based on chemical analyses) have been performed in freshwater and marine waters (Amon & Benner 1994 , 1996 , Burdige & Gardner 1998 , Gremm & Kaplan 1998 , Burdige 2001 , Kaiser & Sulzberger 2004 . However, quantifications of microbially available carbon in porewaters of marine sediments are scarce (Nedwell 1987 , Neudörfer & Meyer-Reil 1997 , Köster & Meyer-Reil 2001 , although needed to understand the carbon flux through microbial assemblages. In our study, the percentage of quantified ADOC accounted for 17 to 25% of DOC in the autotrophic-dominated sandy surface sediments (Stns 3 and 4) and for only 6.0% in the heterotrophic-dominated muddy surface sediments (Stn 2; Fig. 4 , Table 3 ). Pool sizes of ADOC in sandy sediments of the GJB were about 10 times higher than those in muddy sediments. Positive relationships of ADOC to PBC (r = 0.835, p < 0.05, n = 5) and inverse relationships of ADOC to enzymatic degradation rates (r = 0.852, p < 0.05, n = 5) in surface sediments indicate that labile organic matter was mainly supplied by the exudation of microalgae and the enzymatic hydrolysis of POM. A close coupling between enzymatic hydrolysis of polymeric material and consumption of a variety of monomeric products described for estuarine sediments of the Hudson river by Taylor et al. (2003) refer to an immediate uptake of ADOC by heterotrophic microorganisms. These findings underlie our assumption that the actual contribution of ADOC to total DOC fluxes could be higher than that quantified in pools because ADOC is microbially consumed faster than the remaining DOC, of which much is degraded slowly or is refractory.
Interactions between microbial activity and porewater solutes
At the sandy, organically poor Stns 3 and 4, the presence of microphytobenthos led to enhanced net oxygen production rates (59 to 68 mmol O 2 m -2 h -1 measured at light saturation; Meyercordt pers. comm.) which exceeded net benthic oxygen demand by almost 1 order of magnitude, indicating that these sites were net photoautotrophic. Relatively high penetration depths of oxygen (several mm; Fig. 5a ) and nitrate (several cm; Fig. 5c ) due to microalgal photosynthetic activity and bioturbation of macrofauna (Table 2) indicated that these sediments were sources of oxygen and nitrate. At the same time, these sediments act as sinks of ammonium and phosphate through the assimilation of 80 nutrients by microphytobenthos. Microbial enzymatic organic-matter degradation was relatively low in sandy sediments, probably due to a high amount of freshly produced, labile, dissolved organic material that was rapidly taken up by heterotrophic microorganisms. Muddy depositional environments (Stns 1 and 2) in deeper waters of the GJB were characterized by an intensive microbial degradation of refractory organic matter, which was reflected in increased esterase activity in surface sediments that was about 2 to 4 times higher than that measured in sandy sediments (Fig. 7) . Oxygen penetration depths in dark-incubated muddy sediments were reduced to less than 2.2 mm (Fig. 5b) . Porewater profiles of phosphate and ammonium concentrations were characterized by strong gradients, indicating that these organically rich sediments were mainly sources of ammonium and phosphate (Fig. 5d,e) .
Comparison of sediments in eutrophic and hypertrophic waters
Sediments of inner hypertrophic coastal waters (GJB) were compared to sediments of outer eutrophic coastal waters (Rassower Strom, RS) previously investigated by Köster & Meyer-Reil (2001) to estimate how a different degree of eutrophication might influence structural and functional properties of sediments, size and composition of organic carbon pools, as well as microbial colonization and activity. In sandy shallowwater sediments (water depth less than 2 m) of eutrophic and hypertrophic waters the pool sizes of TOC, DOC and ADOC were of comparable orders of magnitude. Differences in pool sizes of the differently eutrophicated sandy sediments became evident in PBC which was 3-fold higher in sandy sediments of the GJB than in sandy sediments of the RS. Additionally, the relative percentage of bacterial biomass to total microbial biomass was lower in sandy sediments of the hypertrophic GJB than in corresponding sediments of the eutrophic RS.
Differences in relationships between mud content, organic carbon concentrations, microbial biomass carbon and enzymatic activity might support a different functioning of sediments in environments of different trophic status. Sandy sediments of the hypertrophic GJB seemed to be more strongly loaded with organic carbon than sandy sediments with comparable mud contents in the eutrophic RS (Fig. 9a) . Microbial enzymatic activity rates measured in hypertrophic sediments of the GJB increased slowly with increasing concentrations of organic carbon, whereas in sediments of the eutrophic RS enzymatic activity rapidly increased with increasing carbon concentrations (Fig. 9b ). Enzymatic activity rates normalized to organic carbon concentrations were even 4-to 6-fold lower in sandy sediments of the GJB than in sandy sediments of the RS. Differences in carbon normalized enzymatic activity rates might primarily reflect differences in the composition and degradability of DOM. Different relationships found between PBC and ADOC, and between enzymatic activity (esterase activity) and ADOC in surficial sediments of the inner and outer waters of the Nordrügensche Bodden underline the fact that the microbially available organic carbon in sediments of differently eutrophicated waters might be of different origin and composition, thus influencing the structure and functioning of microbial communities. 
CONCLUSIONS
In essence, the results of our study indicate ecologically relevant interactions and relationships between sedimentary organic bulk parameters and the colonization and activity of the benthic microbial community in sandy and muddy hypertrophic coastal sediments of the Southern Baltic Sea. Whereas MPB is the driving force for metabolism in shallow-water sandy (net autotrophic) sediments, nutrient cycles are controlled by heterotrophic microbial processes at the deeper sites. Our findings revealed that sedimentary bulk parameters such as concentration and degradability of POM as well as microbial biomass and activity depend on mud content in pure sandy sediments (with a mud content <10%), while they remain unchanged in sediments with a mud content greater than 10%. These findings imply that dissolved organic matter (accounting only for <1% of total organic matter) and inorganic nutrients might be of much greater importance in regulating microbial biomass and activity than POM. To improve our understanding of the dynamics of the carbon pools, future research should evaluate the variability in concentration and composition of the ADOC pool, and short-term mechanisms responsible for temporally and spatially different fluxes of ADOC.
